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Pma1a b s t r a c t
We isolated a chronologically long-lived mutant of Schizosaccharomyces pombe and found a new
mutation in pma1+ that encoded for an essential P-type proton ATPase. An Asp-138 to Asn mutation
resulted in reduced Pma1 activity, concomitant with an increase in the chronological lifespan of this
ﬁssion yeast. This study corroborates our previous report indicating Pma1 activity is crucial for the
determination of life span of ﬁssion yeast, and offers information for better understanding of the
enzyme, Pma1.
 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The chronological lifespan of yeast cells is deﬁned as the period
during which cells can survive in a nondividing state and is deter-
mined by their viability after entry into the stationary phase [1].
Studies on Saccharomyces cerevisiae have identiﬁed several novel
longevity factors, including Ras2, Tor1, and Sch9 [2]. In the ﬁssion
yeast Schizosaccharomyces pombe, disruptions of pka1+ and sck2+
reportedly increased its chronological lifespan [3]. The lifespan of
S. pombe can also be extended by calorie restriction (CR), which
is known to extend the life spans of various organisms from yeast
to mammals. In S. pombe, this process relies on the Sty1 MAP
kinase [4].
Because lifespan is a complex phenomenon, identifying new
factors involved in regulating the chronological lifespan is essential
for understanding lifespan as a whole. To this end, we have
screened for S. pombe short-lived and long-lived mutants and
identiﬁed lcf1 and pma1 mutants, respectively. lcf1+ encodes for a
long-chain fatty acyl-CoA synthetase that is involved in fatty acid
utilization and/or metabolism [5]. pma1+ encodes for an essential
P-type proton ATPase [6]. We have also determined that deleting
php2, which encodes for a subunit of the CCAAT-binding factor
complex, results in extending the chronological lifespan of this ﬁs-
sion yeast [7].In this study we identiﬁed and characterized another allele of
the pma1 mutation that prolonged the chronological lifespan of S.
pombe.
2. Materials and methods
2.1. Strains and media
S. pombe strain JY333 (h- leu1-32 ade6-M216) was used for
mutant screening. Strains were grown in SD medium [0.67% yeast
nitrogen base without amino acids (Difco), and 2% glucose] supple-
mented with necessary growth requirements in standard amounts
at 30 C. Chronological lifespan analysis was done as described pre-
viously [8].
2.2. Linkage analysis
To conduct linkage analysis, a Km-resistant gene was inserted
at 1824–1835 bp downstream of pma1+ termination codon using
previously described methods [9]. Both the upstream and
downstream regions of the desired insertion region were
PCR-ampliﬁed using F1 and F2 primers and R1 and R2 primers,
respectively. After mixing both DNA fragments with pFA6a-kan-
MX6, a PCR was performed using the F1 and R1 primers. JY336
(h+ leu1-32 ade6-M210) was transformed with the ampliﬁed
DNA fragment, and stable G418-resisitant transformants were
selected. The chromosome construct was then conﬁrmed by PCR
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Fig. 1. Phenotypes of a mutant with increased cell viability after entry into the stationary phase. Cell growth (A) and cell viability (B) of wild type cells (closed circles) and L16
mutant cells (open circles) in SD mediumwere monitored. Experiments were repeated twice, with similar results. The representative data are shown. (C) Cell morphologies at
various growth phases. Wild type and L16 mutant cells were sampled at each time point (a, b, and c) indicated on the growth curves (A) and observed microscopically.
830 C. Naito et al. / FEBS Open Bio 4 (2014) 829–833using appropriate primers. The primers used were: F1, AGAAGTTAT
CGTGAGCTACG; F2, TTAATTAACCCGGGGATCCGGAAATCATTGATTT
ATCTATATAC; R1, GTCTTGGTCTGGTATCAACG; and R2, GTTTAAAC
GAGCTCGAATTCCATGGATAAGCTGCTAATCCATAAT.
2.3. Preparation of a Pma1 antibody
An antibody directed against Pma1 was prepared by immuniz-
ing a rabbit with the peptide MMNGKPKESRNQRSIEDL (Sigma–
Aldrich), which corresponded to amino acids 886–903 of the
Pma1 protein.
2.4. Pma1 ATPase assay
Pma1 ATPase activity was determined using previously
described methods [10]. Total cell lysates were used as the enzyme
sources. This assay was conducted with or without 0.1 mM sodium
vanadate, and released inorganic phosphate was determined using
a Phospha C-Test (Wako Co., Japan). Vanadate-sensitive ATPase
activity was determined and expressed as Pma1 activity.
2.5. Assay for glucose concentrations
Cells were grown in SD medium. In addition to monitoring cell
growth, 20 ll of culture was sampled to determine the remaining
glucose concentrations in medium using a Glucose CII-test kit
(Wako Co., Ltd).3. Results and discussion
3.1. L16 mutant phenotypic characterization
We previously screened for some long-lived mutant S. pombe
candidates [6]. In this study, we analyzed one uncharacterized
mutant, designated L16. We ﬁrst analyzed the long-lived pheno-
type of L16 that was grown in SD medium (Fig. 1). As expected,
L16 mutant cells’ viability was maintained for a long period after
their entry into the stationary phase as compared with wild type
cells (Fig. 1B). Cell morphology was also monitored along with cell
growth in SD medium. As shown in Fig. 1C, there were no differ-
ences in cell morphology between wild type and L16 mutant cells
during the logarithmic growth phase (sample point ‘‘a’’ shown in
Fig. 1A). However, after entry into the stationary phase (sample
points ‘‘b’’ and ‘‘c’’ in Fig. 1A), wild type cells exhibited abnormal
morphologies, such as broken or shrunken ﬁgures. By comparison,
many of the L16 mutant cells had normal morphologies. This phe-
notypic difference in morphology may have been due to the differ-
ences in viability after entry into the stationary phase.
3.2. Identifying a mutation site in the L16 mutant
We suspected a mutation in pma1+ that encodes for a plasma
membrane P-type ATPase, as we previously isolated a long-lived
mutant and identiﬁed its mutation in pma1+ [6]. Thus, we
sequenced the ORF region of pma1+ in the L16 mutant and
AB
Fig. 2. L16 has a mutation lesion in pma1+. (A) pma1 of the L16 mutant was sequenced and an identiﬁed mutation (G to A substitution) is shown (arrowhead). (B) Schematic
representation for Pma1 protein topology in the plasma membrane. The mutation site (Asp-138 to Asn) is indicated by a star.
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Fig. 3. Pma1 activities. (A) Pma1 activities in wild type (open bars) and L16 mutant
(ﬁlled bars) were assayed using cell lysates prepared from cells grown in SD
medium until OD600 = 1 or 2. Results are the means ± s.d.’s of three independent
experiments. Statistical analyses were performed using the Student’s t-test and
indicated as follows: N.S. nonsigniﬁcant; ⁄⁄P < 0.01. (B) Pma1 activities in wild type
(open bars) and L16 mutant (ﬁlled bars) were assayed using cell lysates prepared
from cells grown in SD medium that contained the indicated glucose concentrations
(%). Experiments were repeated twice, with similar results. The representative data
are shown.
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Fig. 4. Pma1 RNA and protein expression. (A) Wild type and L16 mutant cells were
grown in SD medium at 30 C. Total RNAs were isolated from cells at the log phase
(OD600 = 1.5) and subjected to Northern blotting analysis with a radiolabeled pma1+
probe. An ethidium bromide stained gel shows that total RNA was present as a
loading control. (B) Wild type and L16 mutant cells were grown as described above,
after which cell lysates were prepared. Pma1 protein expression was assessed by
Western blotting using anti-Pma1 serum. Tubulin was used as a loading control.
C. Naito et al. / FEBS Open Bio 4 (2014) 829–833 831identiﬁed one missense (G to A) mutation that caused an Asp-138
to Asn change in the predicted ﬁrst extracellular domain of the
Pma1 protein (Fig. 2). Next, we conﬁrmed that the identiﬁed muta-
tion (designated, pma1-L16 allele) was the causative mutation for
the long-lived phenotype of the L16 mutant.
First, a Km-resistant cassette was inserted in the downstream
region of pma1+, after which the Km-resistant strain was mated
with the L16mutant to assess the linkage between the Km-resistant
phenotype and the chronologically long-lived phenotype. After
crossing, phenotype analysis of the progeny revealed that 90% of
chronologically long-lived cells (n = 20) were Km-sensitive, which
indicated that the pma1-L16mutation was located close to the site
at which the Km-resistant cassette was inserted on the chromo-
some. Next, after crossing the L16 mutant with a wild type strain,
we randomly isolated both long-lived cells (n = 4) and non-
long-lived cells (n = 4), and sequenced their chromosome regions
Fig. 5. Glucose consumption. Cells were grown in SD medium at 30 C, and the
glucose concentrations in medium with wild type (open triangles) and L16 mutant
(closed triangles) cells were determined. Wild type (open circles) and L16 mutant
(closed circles) cell growth was monitored at OD600. Experiments were duplicated,
with similar results. The representative data are shown.
832 C. Naito et al. / FEBS Open Bio 4 (2014) 829–833corresponding to the pma1-L16 mutation. We conﬁrmed that all
long-lived cells and non-long-lived cells had a pma1-L16 mutation
and a wild type pma1+ allele, respectively. On the basis of these
results, we concluded that the pma1-L16 mutation was the causa-
tive mutation that conferred the long-lived phenotype.
3.3. L16 mutant ATPase activity
Pma1 is a P-type plasma membrane ATPase that is a hydrogen
ion pump [11,12]. H+-ATPase activity of the L16 mutant was
analyzed to characterize the effect of the pma1-L16 mutation.
Cell lysates were prepared from cells after growth to the mid-
logarithmic phase (OD600 = 1) and to the stationary phase
(OD600 = 2), after which their H+-ATPase activities were deter-
mined. As shown in Fig. 3A, the ATPase activity of the L16 mutant
was lower than that of wild type cells at the stationary phase. In
S. cerevisiae, it is known that Pma1 H+-ATPase activity is positively
regulated by the glucose concentration in the medium; when glu-
cose is added to carbon-starved cells, their ATPase activity increases
[13,14]. Thus, we assessed S. pombe Pma1 activity in response to the
glucose concentration.
Wild type and L16 mutant cells were grown in SD medium until
the logarithmic growth phase was achieved, and were then
transferred to SDmedia that contained different glucose concentra-
tions. Cells were grown in each medium for 90 min, after which
H+-ATPase activity was determined. As shown in Fig. 3B, wild type
cells’ H+-ATPase activity was regulated by glucose, as their ATPase
activity was low in medium without glucose and increased in
response to the glucose concentration. For the L16 mutant, ATPase
activity increased in response to glucose. However, the activity was
lower than that of wild type cells in medium that contained 0.5–2%
glucose. These results suggested that the Pma1-L16 protein had
defective ATPase activity but that its regulation by glucose was
not affected. Taken together, we concluded that the L16 mutant
had low H+-ATPase activity.
3.4. Expression proﬁles for pma1+ mRNA and Pma1 protein
To determine the expression proﬁles associated with pma1+,
wild-type and L16 mutant cells were grown in SD medium, after
which pma1+ mRNA levels were determined by Northern hybrid-
ization. As shown in Fig. 4A, similar pma1+ mRNA levels were
expressed in both L16 mutant and wild type cells. Next, we
determined the amounts of Pma1 protein by Western blottingunder the same growth conditions. As shown in Fig. 4B, similar
amounts of Pma1 protein were expressed in both cell types. On
the basis of these results, we concluded that there were no differ-
ences in the amounts and stabilities of the Pma1 protein expressed
in L16 and wild type cells. This indicated that the speciﬁc H+-ATP-
ase activity of the Pma1-L16 protein was lower than that of the
wild type Pma1 protein.
3.5. The pma1-L16 mutant consumes less glucose
Pma1 H+-ATPase is involved in H+-dependent nutrient uptake
[14]. Pma1 ATPase functions physiologically to pump protons out
of a cell, thus generating an electrochemical gradient that drives
solute uptake by an array of H+-coupled co-transporters. In S. pom-
be, glucose uptake is energy dependent and is driven by the plasma
membrane ATPase-generated electrochemical gradient [15]. We
compared glucose consumption during growth between wild-type
and L16 mutant cells (Fig. 5). This revealed that the L16 mutant
consumed less glucose compared with wild type cells. This differ-
ence in glucose consumption was likely due to the differences in
Pma1 activity that provides the proton gradient for glucose uptake.
On the basis of these ﬁndings, we propose the following sce-
nario to explain the long-lived phenotype of the L16 mutant. In
the L16 mutant, reduced Pma1 activity causes some defect in glu-
cose uptake. This might cause physiological changes that are
equivalent to changes caused by calorie restriction.
In summary, we propose that Pma1 ATPase activity is crucial for
determining the chronological lifespan of S. pombe. Because Pma1
is conserved among many organisms, their chronological life spans
might be manipulated by modulating Pma1 activity. Veriﬁcation of
this possibly novel means to regulate lifespan awaits further
experimentation.
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